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The Galactic microquasars GRS1915+105 and GRO J1655-40 were targets for dedicated monitoring programs
with RXTE throughout 1996 and 1997. We review recent results with particular attention to the X-ray QPOs
seen in these sources. We confirm the reappearance of 67 Hz oscillations in GRS1915+105 in several different
spectral states. Six intervals, each of 1 to 6 months duration, yield QPO detections with a central frequency of
66.7 ± 1.4 Hz and a FWHM of 3.4 ± 1.0 Hz. Comparing these observing intervals, the average X-ray luminosity
varies by a factor of 4 with no significant change in the central QPO frequency. GRS1915+105 has been active in
X-rays since 1992, and it shows no signs of evolving toward quiescence. In contrast, GRO J1655-40, which began
its most recent X-ray outburst on 1996 April 25, is seen to fade below 20 mCrab on 1997 Aug 17. There are no
reappearances of the 300 Hz QPO during the entire second half of the X-ray outburst; during this time the X-ray
spectrum is dominated by the soft, thermal component. There are still several models seeking to explain the high
frequency QPOs in microquasars. While it is likely that the cause invokes some effect of General Relativity, the
correct model and the details of the emission mechanism remain uncertain.
1. INTRODUCTION
Two Galactic X-ray sources known to produce
relativistic radio jets are GRS 1915+105 [13] and
GRO J1655-40 [25,11]. Optical observations of
GRO J1655-40 have provided dynamical evidence
for a 7M⊙black hole [17] in a 2.6 day binary orbit
with a ∼F4 IV companion star. GRS1915+105 is
presumed to be a black hole binary, based on its
X-ray high luminosity and similarities with GRO
J1655-40. However, a direct measurement of the
motion of its companion star has been prevented
by interstellar extinction, which limits optical/IR
studies of GRS1915+105 to wavelengths > 1 mi-
cron [13]. While each source was active at radio
frequencies, H I absorption measurements were
combined with Galactic rotation models to de-
rive distance measurements of 12.5 kpc and 3.2
kpc for GRS 1915+105 [13] and GRO J1655-40
[25], respectively.
GRS 1915+105 is a transient X-ray source, and
the BATSE light curve (20–100 keV) indicates
that bright X-ray emission began during May
1992 [10]. Before the launch of the Rossi X-
ray T iming Explorer (RXTE), observations in
soft X-rays were sporadic, and GRS1915+105
may have persisted as a bright source in soft
X-rays since 1992. When the All Sky Moni-
tor (ASM) on RXTE established regular cover-
age on 1996 Feb 22, the source was bright and
highly variable, and it has remained so through-
out 1996 and 1997. The ASM light curve, which
is shown in Figure 1, illustrates both the extent
of the intensity variations and also the repeti-
tive character of particular variability patterns.
The early ASM light curve was used to initiate
RXTE pointed observations (PCA and HEXTE
instruments), which began on 1996 April 6. Since
then the source has been observed once or twice
per week, and most of the data are available in
a public archive. At the higher time resolution
provided by PCA light curves, there are again
dramatic and repetitive patterns of variations [7].
These results are one of the extraordinary chap-
ters in the history of high-energy astronomy.
Fourier analyses of the first 31 PCA observa-
tions [15] of GRS1915+105 revealed 3 different
types of oscillations: a quasi-periodic oscillation
(QPO) with a constant frequency of 67 Hz; dy-
namic, low-frequency (0.05 to 10 Hz) QPO with a
large variety of amplitudes and widths; and com-
plex, high-amplitude dip cycles (10−3 to 10−1 Hz)
2Figure 1. ASM light curve (2–12 keV) of GRS1915+105 for 1996 and 1997. The Crab Nebula, for
reference, yields 75.5 ASM c/s. The ASM hardness ratio, HR2 is defined as the count rate in the 5–12
keV band relative to the rate in the 3–5 keV band. The time intervals that correspond with our groups
of combined X-ray power spectra (see Table 1) are shown above the light curve.
3that are related to the extreme X-ray variations
noted above. The combined characteristics of
the power spectra, light curves, and energy spec-
tra were interpreted as representing four different
emission states [15], none of which resemble the
canonical states of black hole binaries [27].
The other microquasar, GRO J1655-40, was
first detected with BATSE on 1994 July 27, and
the correlation between hard X-ray activity and
the ejections of relativistic radio jets [9] was an
important step in establishing the relationship be-
tween accretion changes and the formation of jets.
During late 1995 and early 1996, GRO J1655-
40 entered a quiescent accretion state, permitting
optical spectroscopy of the companion star, which
led to our knowledge of the binary constituents
and mass of the black hole [17], as noted above.
The ASM recorded a renewed outburst from
GRO J1655-40 [12] that began on 1996 April 25.
The ASM light curve is shown in Figure 2. With
great fortune a concurrent optical campaign was
in progress, and it was determined that optical
brightening preceded the X-ray turn-on by 6 days,
beginning first in the I band and then accelerating
rapidly in the B and V bands. These results pro-
vide concrete evidence favoring the accretion disk
instability as the cause of the X-ray nova episode.
The RXTE observations of GRO J1655-40
indicate a more stable form of accretion. X-
ray spectral variations (see Fig. 2) resemble the
canonical “soft/high” and “very high” states in
black hole binaries [21,27]. There are X-ray QPOs
in the range of 8–22 Hz, and there is also a tran-
sient, high-frequency QPO at 300 Hz [21]. This
QPO is detected only when the X-ray power-law
component reaches its maximum strength.
The efforts to explain the 67 Hz QPO in
GRS1915+105 and the 300 Hz QPO in GRO
J1655-40 commonly invoke effects rooted in Gen-
eral Relativity (GR). There are at least 4 pro-
posed mechanisms that relate the QPO frequency
to a natural time scale of the inner accretion disk
in a black hole binary. These are: the last sta-
ble orbit [24,15], diskoseismic oscillations [19,16],
frame dragging [6], and an oscillation in the cen-
trifugal barrier [26]. The physics of all of these
phenomena invokes GR effects in the inner accre-
tion disk. It has also been proposed that the high
frequency QPOs may be caused by an inertial-
acoustic instability in the disk [4] (with non-GR
origin), although the oscillation in GRO J1655-40
would extend this application to higher frequen-
cies than had been argued previously.
In this paper we advertise some recent work
that associates jet formation in GRS1915+105
with features in the X-ray light curve. We then
turn to the topic of X-ray QPOs. New results are
presented on the reappearance of 67 Hz oscilla-
tions in GRS1915+105. Finally we describe the
various QPO tracks that appear in GRO J1655-
40, and we explain how they behave in response
to the strength of the power-law component in
the X-ray spectrum.
2. CLUES FOR THE ORIGIN OF JETS
IN GRS1915+105
Several groups have combined X-ray, radio,
and/or infrared observations of GRS 1915+105
to probe the properties of jet formation and re-
late the ejection events to features in the X-ray
light curves. Infrared jets were discovered [23],
and infrared flares were seen to occur after ra-
dio flares[8,14]. These investigations provide solid
evidence that the infrared flares represent syn-
chrotron emission from rapidly evolving jets.
It has been further demonstrated that the ra-
dio, infrared, and X-ray bands occasionally show
strong oscillations with a quasiperiodic time scale
of 20–40 min [22,8,5,20]. In perhaps the most
impressive of these studies to date, there were
a series of infrared flares (with 20 min recur-
rence time), and in six of six possible cases the
flares were seen to follow dramatic dipping cycles
in the X-ray light curve. Since these dips have
been analyzed as representing the disappearance
of the thermal X-ray emission from the inner disk
[1,2], the infrared/X-ray correlation shows that
the jet material originates in the inner accretion
disk[5]. Another conclusion drawn from the re-
cent X-ray/radio/infrared studies is that there is
a wide distribution of “baby jets” in which quan-
tized impulses appear at ∼ 30 min intervals. The
radio strength of these events is one to three or-
ders of magnitude below the levels of the super-
luminal outbursts of 1994 [20,13].
4Figure 2. (top) ASM light curve (1.5–12 keV) of GRO J1655-40 for 1996 and 1997. The tick marks above
the light curve show the times of RXTE pointed observations, either from the public archive (1997) or
our guest observer program (1996). (bottom) The ASM hardness ratio, HR2 as defined previously.
5We expect that RXTE will continue to support
multifrequency observations of GRS1915+105
during 1998. There are opportunities for further
analysis to characterize the distribution and ex-
pansion times of the jets, analyze the infrared and
radio spectra of these events, and study the de-
tails of the X-ray light curve in the effort to con-
strain the physics of the trigger mechanism.
3. 67 HZ OSCILLATIONS IN
GRS1915+105
There have been many observations of
GRS1915+105 with RXTE since the six (1996
April 6–June 11) that provided detections of QPO
at 67 Hz [15]. Given the importance of this QPO
and also the variety of emission states recorded
for GRS1915+105 (see Figure 1), we investigated
the data archive for new detections of this QPO.
We adopted a global perspective, and we di-
vided the RXTE observations into a sequence of
X-ray state intervals, which we label as groups
“g1” through “g10” in Figure 1. The groups
were selected with consideration of both the ASM
light curve and the characteristics of the PCA
power spectra, and some observations between
the group boundaries were ignored as represent-
ing transition states.
In Table 1 we list the time intervals (cols. 2,
3) the number of observations (col. 4), the X-
ray state (col. 5), and the average X-ray flux (in
Crab units) for each group. The typical observa-
tion has an exposure time of 10 ks. The X-ray
state description follows the convention of Mor-
gan et al. [15], which describes GRS1915+105
as being relatively steady and bright (B), flaring
(FL), chaotic (CH), or low-hard (LH).
We then combined the power spectra in each
group, using the full energy coverage of the PCA
instrument. We fit the results for a power con-
tinuum (with a power-law function) and a QPO
feature (with a Lorentian profile) over the range
of 40–120 Hz. We emphasize that the location
of the central QPO frequency is free to wander
within this frequency interval. The average power
spectra for the 10 groups (linear units) and the
QPO fits for 6 cases are shown in Figure 3.
The results derived from this analysis are listed
in Table 1. The central QPO frequency is given
in col. 7, and there is a narrow distribution of
66.7 ± 1.4 Hz. The QPO FWHM values (col. 8)
have a mean value of 3.4 ± 1.0 Hz. Comparing
these observing intervals, we conclude that the
average X-ray luminosity of GRS1915+105 may
vary by a factor of 4 with no significant change in
the characteristics of the 67 Hz QPO.
The integrated QPO amplitude is given in col.
9. The amplitudes (like the power spectra in Fig-
ure 3) are normalized by the mean X-ray count
rate for GRS1915+105. The integrated power in
the 67 Hz QPO is in the range of 0.2%–0.7% of
the mean X-ray flux.
The results for group 5 are particularly note-
worthy. During this period the source was in the
low-hard state for a long time (see Figure 1. The
PCA light curves in 1 s time bins show variations
limited to moderate flickering, with rms varia-
tions ∼ 10%. However the continuum power at
40–120 Hz is relatively high during this interval
(see Figure 3). The large number of observations
in group 5 partially compensates for the losses
in statistical sesitivity to QPO detection due to
lower count rate and elevated continuum power.
Nevertheless the QPO search does find a small
feature that is consistent in frequency (68.3 Hz),
width (2.3 Hz), and amplitude (0.23%) with the
other detections. We estimate that the uncer-
tainty in the amplitude is 0.09%, so that the de-
tection of the 67 Hz QPO in group 5 has a signig-
icance of 2.6 σ. For the 4 groups that do not yield
QPOs in the range of 40–120 Hz, the uncertainties
are slightly larger, and we cannot exclude the pos-
sibility that GRS1915+105 is always emitting X-
ray QPOs at 67 Hz with amplitudes in the range
of 0.1% or larger.
There are yet many avenues for further inves-
tigation of this QPO, e.g. time lags at 67 Hz,
analysis of the energy spectrum for the groups
with positive QPO detection, and segregation of
data with alternative schemes such as the phases
of jet-related dipping cycles. All of these topics
will be pursued during the next several months.
6Figure 3. Average power density spectra in the range of 20–120 Hz for RXTE PCA observations of 1996
and 1997, combined in 10 groups. For the 6 cases in which a QPO is detected (see Table 1), the QPO fit
is shown with a solid line.
7Table 1
The 67 Hz QPO in GRS1915+105
group start end obs state flux freq. FWHM ampl.
1 1996 Apr 06 1996 May 14 7 B 1.06 64.5 4.0 0.0069
2 1996 May 21 1996 Jul 06 14 FL 1.00 65.7 2.3 0.0022
3 1996 Jul 14 1996 Aug 10 6 LH 0.58
4 1996 Sep 16 1996 Oct 15 8 B 1.01 67.6 1.5 0.0016
5 1996 Nov 28 1997 May 08 28 LH 0.31 68.3 2.3 0.0023
6 1997 May 13 1997 Jun 30 18 CH/B 0.64
7 1997 Jul 07 1997 Aug 21 17 B 1.33 66.9 4.3 0.0039
8 1997 Aug 24 1997 Sep 29 15 CH/FL 1.17
9 1997 Oct 09 1997 Oct 25 4 LH 0.47
10 1997 Oct 30 1997 Dec 22 15 FL 1.41 67.4 4.2 0.0035
4. QPOs in GRO J1655-40
We have conducted similar analyses of PCA
power spectra for individual observations of GRO
J1655-40. As reported previously [21], there are
transient QPOs in the range of 8–30 Hz and there
is a high frequency QPO near 300 Hz. All of
these QPOs are associated with the strength of
the power-law component. With respect to Fig-
ure 2, the QPOs at 8–30 Hz appear when obser-
vations have hard spectra that correspond with
ASM HR2 values above 0.8, while the 300 Hz
QPO is significant only when the combine the
power spectra for the 7 “hardest” observations
made with the PCA (1996 August and October).
We fit the individual PCA power spectra for
power continuum and QPOs, as described above,
using frequency windows of 0.02–2 Hz and 5–50
Hz. In Figure 4 we show the central QPO fre-
quencies as a function of the source count rate in
the PCA energy channels above 13 keV (or above
channel 35). We use on open triangle for nar-
row QPOs (ν/δν > 5) and the “*” symbol for
broad QPOs (ν/δν < 4). In some observations,
both narrow and broad QPOs appear in the same
power spectrum (i.e. one 10 ks observation). The
“x” symbol shows a narrow and weak QPO de-
rived from the average power spectrum obtained
during the 1997 PCA observations (MJD interval
50500–50650).
The results in Figure 4 show that the low-
frequency QPOs in GRO J1655-40 are organized
in three tracks. A broad QPO appears to be
stationary near 8 Hz, while the narrow QPOs
shifts to lower frequency as the hard X-ray flux
increases. The QPO derived from the sum of
1997 observations appears to be a simple exten-
sion of this narrow QPO track, occurring when
the X-ray flux above 13 keV is nearly zero. Very
low frequency QPO (0.085 and 0.11 Hz) are seen
on two occasions when the hard X-ray flux is
near maximum. These QPO coexist with 300 Hz
QPO, and they are reminiscent of the 0.067 Hz
QPOs in GRS1915+105. We speculate that the
0.1 Hz QPOs appear near the threshold of the
chaotic light curves manifest in GRS1915+105.
GRO1655-40 approaches this threshhold but does
not cross the line into unstable light curves during
the 1996-1997 outburst.
In Figure 2 we see that GRO J1655-40 fades
below 20 mCrab on 1997 Aug 17. Whether there
will be a renewed outburst in 1998 is anyone’s
guess, but the ASM will surely be monitoring this
source for any signs of X-ray activity.
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